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The canonical pathway of Notch signaling is mediated by regu- 
lated intramembrane proteolysis (RIP). In the pathway, ligand bind- 
ing results in sequential proteolysis of the Notch receptor, and pre- 
senilin (PS)-dependent intramembrane proteolysis at the interface 
between the membrane and cytosol liberates the Notch-1 intracel- 
lular domain (NICD), a transcription modifier. Because the degra- 
dation of the Notch-1 transmembrane domain is thought to require 
an additional cleavage near the middle of the transmembrane 
domain, extracellular small peptides (Notch-1 A/3-like peptide 
(N/3)) should be produced. Here we showed that N/3 species are 
indeed secreted during the process of Notch signaling. We identi- 
fied mainly two distinct molecular species of novel N/3, N/321 and 
C-terminally elongated N/325, which were produced in an ~5:1 
ratio. This process is reminiscent of the production of Alzheimer 
disease-associated A/3. PS pathogenic mutants increased the pro- 
duction of the longer species of A/3 (A/342) from /3-amyIoid protein 
precursor. We revealed that several Alzheimer disease mutants also 
cause a parallel increase in the secretion of the longer form of N/3. 
Strikingly, chemicals that modify the A/342 level caused parallel 
changes in the N/325 level. These results demonstrated that the 
characteristics of C-terminal elongation of N/3 and A/3 are almost 
identical. In addition, because many other type 1 membrane-bound 
receptors release intracellular domains by PS-dependent 
intramembrane proteolysis, we suspect that the release of A/3- or 
N/3-like peptides is a common feature of the proteolysis during RIP 
signaling. We anticipate that this study will open the door to 
searches for markers of RIP signaling and surrogate markers for 
A/342 production. 



Notch signaling is involved in cell differentiation as well as neurode- 
generation (1). The canonical pathway for Notch signaling is mediated 
by regulated intramembrane proteolysis (RIP) 2 (2). In classical signaling, 
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ligand binding to receptors induces downstream intracellular signals, 
such as Ca 2 + influx and protein tyrosine phosphorylation. However, 
RIP signaling is distinct; the receptor is cleaved, liberating an intracel- 
lular fragment from the membrane that translocates to the nucleus 
where it modifies the transcription of target genes (3, I ). 

In general, because both the ligand and the receptor for Notch sig- 
naling are transmembrane proteins, and signaling occurs only between 
neighboring cells, a process also called "local cell signaling" (5-7). Thus, 
although connections between Notch signaling and tumorigenesis have 
been reported (8, 9), studies to identify secreted molecules that reflect 
the level of Notch signaling have not been carried out. As a result, the 
only widely used method for measuring \'ou h signaling in living cells 
has been to employ intracellular reporter plasmids (10, 11). 

Upon synthesis, the Notch-1 receptor undergoes furin-like cleavage 
at site (S) 1, forming a heterodimer that is expressed on the plasma 
membrane with tlx- c leaved (ragments ( I 2, I 3). The binding ol ligancls, 
such as DSL family proteins, at the plasma membrane induces endopro- 
teolysis of Notch-1 by the ADAM/TACE/Kuzbanian family (14-16). 
This cleavage occurs at S2 within the extracellular juxtamembrane 
region and results in shedding of the heterodimerized Notch receptor 
(14-16). The resulting transmembrane fragment, referred to as Notch 
extracellular truncation, undergoes constitutive presenilin (PS)- 
dependent intramembrane proteolysis at S3 and S4, which we refer to as 
"dual-intramembrane proteolysis" (17-19). The S3 cleavage occurs at 
the interface between the membrane and cytosol, thus determining the 
N terminus of NICD (17, 18). The presence of the S4 cleavage near the 
middle of the transmembrane domain (19, 20) and FLAG-tagged N/3 
(19) suggests that a putative Notch-1 fragment (NjS) is produced during 
the sequential proteolysis of Notch receptors. However, amino acid 
sequences of these Notch peptides and the composition of their molec- 
ular species remain unknown. Moreover, whether they are secreted 
during Notch signaling has not been determined. 

Like Notch receptors, j3-amyloid protein precursor (j3APP) undergoes 
PS-dependent "dual-intramembrane proteolysis" at y and e sites (21). 
y-Cleavage, which corresponds to S4 cleavage in Notch-1, results in the 
secretion of Alzheimer disease (AD) -associated AjS (22), whereas e-cleav- 
age, corresponding to the S3 cleavage site in Notch-1, releases the j3APP 
intracellular domain, which has been suggested to regulate transcription 
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(21, 23, 24). In PS-dependent proteolysis, there is some diversity in the 
specific sites of cleavage (19, 22, 25). 3 This is an important aspect of PS-de- 
pendent proteolysis because the pathological molecule A/342 is generated 
by cleavage of /3APP at y42, a variant of the y-cleavage site (22). Generally, 
A/342 accounts for —10% of A/3 production, and most familial AD-associ- 
ated PS1/2 or jSAPP mutants show an increase in A/342 production, a pep- 
tide that plays an causative role in AD pathology (22). Although A/342 
induces the formation of senile plaque both in familial and sporadic AD 
brains, the high degree of A/342 aggregation makes it difficult to determine 
whether A/342 generation is enhanced in the pathogenesis of sporadic AD. 
Therefore, a surrogate marker that precisely reflects the level of A/342 gen- 
eration could be useful. 

Elucidation of the mechanism of A/342 generation, i.e. how the 
y-cleavage diversity occurs, is essential because a small change in the 
precision of y-cleavage is sufficient to lead to AD pathology. PS-medi- 
ated intramembrane proteolysis is known to occur in many other type 1 
transmembrane receptors at a site near the cytosolic interface of the 
transmembrane domains, corresponding to S3/e cleavage (26, 27). Also, 
cleavage corresponding to the S4/y site, which lies in the middle of the 
transmembrane domain, has been proposed for Notch-1, /3APP, and 
CD44 (19, 28). Therefore, whether y-like cleavage occurs in all the sub- 
strates or whether there is any diversity among cleavage sites remains 
unknown. Also, certain chemicals, such as some nonsteroidal anti-in- 
flammatory drugs (NSAIDs), affect the precision of y-cleavage, increas- 
ing or decreasing the generation of A/342 (29, 30), but whether this effect 
is specific to /3APP or is shared by other substrates has not been 
determined. 

To investigate the mechanism of N/3 secretion during Notch signal- 
ing, we utilized mouse Notch-1 and its derivatives as substrates. We 
found that upon ligand binding full-length Notch-1 undergoes endo- 
proteolysis, which transmits Notch signaling and simultaneously 
secrets untagged N/3 species. These N/3 species shared a common N 
terminus (derived from S2 cleavage) but had distinct C termini (derived 
from S4 cleavage). Interestingly, in many cases, when the relative level of 
pathological A/342 was altered by expression of PS mutants or addition 
of certain chemicals, the relative level of N/325, a major species of longer 
N/3, changed concomitantly. These results suggested that N/3 is secreted 
during Notch signaling and that the proteolytic processes determining 
the C termini of N/3 and A/3 are very similar. 

EXPERIMENTAL PROCEDURES 

Antibodies and Reagents — The polyclonal antibody 6521 and the rat 
monoclonal antibody 5E9 were raised against a synthetic peptide 
(VKSEPVEPPLPSQ) corresponding to the N terminus of Notch extra- 
cellular truncation using methods described previously (31). Antibodies 
9E10 against the c-Myc epitope, 4G8 against the A/3 peptide, and H114 
against the C terminus of Jagged-1 were purchased. Synthetic peptides 
VKSEPVEPPLPSQLHLMYVAA (N/321) and VKSEPVEPPLPSQLHL- 
MYVAAAAFV (N/325) were dissolved in Me 2 SO or HFIP and stored at 
-80 °C (32). Upon use, the peptides in HFIP were dried using a Speed- 
Vac and dissolved in the appropriate solution. S2474 was synthesized by 
Shionogi and Co. Ltd. The y-secretase inhibitors (L685.458 and DAPT), 
PMA, NSAIDs (sulindac sulfide, indomethacin, and naproxen), fenofi- 
brate, farnesyl pyrophosphate ammonium salt, geranylgeranyl pyro- 
phosphate ammonium salt, and Compound W (CW), 3,5-bis-(4-nitro- 
phenoxy)benzoic acid were purchased. 

cDNA Constructs— The pCS2 vector containing the cDNA for mouse 
Jagged-1 (kind gift from Dr. Rafael Kopan) (33) and the pTracerCMV 
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containing in the mNotch-1 cDNA were described previously (kind gift 
from Dr. Jeffrey S. Nye) (34). The cDNAs encoding N1CS (mNl LNR 
CC > SS) (kind gift from Dr. Rafael Kopan) (14) and Notch-1, in which 
the C-terminal 348 residues were replaced with a hexameric Myc tag 
(17), were cloned into the pcDNA3-hygro( + ) vector. HES-l-\uc (kind 
gift from Dr. Alain Israel) (10) and pGa981-6 constructs (kind gift from 
Dr. Georg W. Bornkamm) (11), which contain the firefly luciferase 
cDNA under control of the HES-1 promoter and the hexamerized 50-bp 
EBNA2-response element of the TP-1 promoter, respectively, were 
described previously. The pRL-TK construct was obtained from 
Promega. 

Cell Culture and Cell Lines— HEK293 cells stably expressing /3APP 
sw and either WT or mutant PS1 were generated and cultured (19, 35). 
CHO cells stably expressing either WT PS1 or PS1 M146L were cul- 
tured as described pre\ i< >usly (kind gift from Dr. Dennis T. Selkoe) (36). 
Cells stably expressing /3APP sw, PS derivatives, or both were main- 
tained in media supplemented with 200 ^g/ml G418, 200 jug/ml Zeocin, 
or both. Cells stably expressing Jagged-1, Notch-1, or N1CS were 
selected with 100 /Ag/ml hygromycin. 

cDNA Transfection and Reporter Assay — To investigate the forma- 
tion and function of N/3, we stably transfected HeLa, CHO, or HEK293 
cells with Jagged-1, N1CS, and Notch-1 cDNA constructs using Lipo- 
fectamine 2000 (Invitrogen). To study the release of N/3 during Notch 
signaling, HeLa or K293 cells in 8-cm dishes were transiently trans- 
fected with 5 pg of plasmids encoding Notch ligands and/or receptors, 
5 ;u,g of plasmids encoding the firefly luciferase reporter (HES-l-luc or 
pGa981-6), and 50 ng of the control Renilla luciferase reporter plasmid 
pRL-TK. The next day, the media were replaced, and the cells were lysed 
with IX Passive Lysis Buffer (500 u,l) (Promega) and freeze-thaw treat- 
ment. The pulse-chase experiment to detect the N/3 level was carried 
out at the same time. Firefly and Renilla luciferase activities in the 
lysates were measured with a dual luciferase reporter assay system 
(Promega). 

Pulse-Chase Experiment — The cells were treated for 2 h with 1 pM 
L685.458 or 1 pM DAPT to inhibit y-secretase activity or 20 ng/ml PMA 
to increase the efficiency of S2 cleavage. Next, following starvation in 
methionine-free minimum Eagle's medium, the cells were metabolically 
labeled overnight with 450 pCi of [ 35 S] methionine/cysteine (Redivue 
Promix; Amersham Biosciences) containing 5% dialyzed (i.e. amino 
acid-free) fetal calf serum and y-secretase inhibitors or PMA. NSAIDs, 
compound W, fenofibrate, farnesyl pyrophosphate ammonium salt, and 
geranylgeranyl pyrophosphate ammonium salt were added to the media 
throughout the pulse periods. 

ImmunoprccipiUUioiulmmuiioblvUing or li n i nunuprccipUalloi ;/ 
Autoradiography — Collected conditioned media were adjusted to 50 
mM Tris (from a stock solution of 1 M Tris, pH 7.4), 1:1000 protease 
inhibitor mixture (Sigma), and 5 mM EDTA (from a stock solution of 
500 mM EDTA, pH 8.0). Next, the media were subjected to immuno- 
precipitation with antibodies 6521 or 4G8 for N0 and A/3, respectively 
(19). For Jagged-1 and Notch-1 derivatives, cell lysates were prepared 
(37) and analyzed by immunoprecipitation with antibodies HI 14 and 
9E10, respectively (19). Proteins were separated by Tris-glycine 
(Invitrogen), Tris-Tricine (Invitrogen), or Tris-Bicine SDS-PAGE as 
described previously (38). The gels were fixed in 50% methanol, 10% 
acetic acid or 50% methanol, 5% glutaraldehyde (for N/3). For immuno- 
blotting, proteins were electrophoretically transferred to a polyvinyli- 
dene difluoride membrane and probed with the indicated antibodie s 
(39). For autoradiography, the gels were dried and analyzed by fluorog- 
raphy(19). 
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Immunoprecipitation/MALDI-TOF MS — Immuno precipitation fol- 
lowed by MALDI-TOF MS analysis was carried out as described previ- 
ously (19). Briefly, cell lines were grown to confluence in 8-cm dishes. 
The culture media were replaced with media with or without 20 ng/ml 
PMA. After 6 h, the media were collected and immunoprecipitated by 
incubation for 8 h at 4 °C with antibody 6521. Following washing, 
immunoprecipitated peptides were eluted and analyzed by MALDI- 
TOF MS. Molecular masses and heights of the MS peaks were calibrated 
with angiotensin (Sigma), bovine insulin jS-chain (Sigma), or both. 

RESULTS 

Notch-1 Peptides Are Secreted Extracellularly during Notch Signal- 
ing — Notch ligand binding to Notch receptors results in sequential pro- 
teolysis of the receptor, and PS-dependent intramembrane proteolysis 
at the interface between the membrane and cytosol (S3) liberates NICD 
that modifies the transcription of target genes (1) (Fig. L4). Although it 
was shown that degradation of Notch-1 transmembrane domain 
requires additional proteolysis near the middle of the transmembrane 
domain (S4, dual cleavage) (19), secretion of extracellular small peptides 
(Notch-1 A/3-like peptide; N/3) during Notch signaling has not been 
determined (Fig, 1,4). Therefore, we first examined whether sequential 
endoproteolysis of Notch receptors induced upon binding of Notch 
ligands (1) results in the secretion of Notch peptides. The full-length 
Notch-1 receptor does not undergo sequential endoproteolysis in the 
absence of ligand binding, because the S2 cleavage site is masked in the 
Notch-1 heterodimer formed by Sl-cleaved Notch-1 fragments (1). In 
contrast, Notch-1 LNR CC > SS (N1CS) (Fig. IB) inhibits heterodimer- 
ization of Sl-cleaved Notch-1 (14). Thus, we expect that NICS shows 
constitutive consecutive SI, S2, S3, and S4 cleavage of Notch-1 that 
usually occurs depending on ligand binding (Fig. IB and supplemental 
Fig. L4). 

To determine whether Notch-1 peptides are secreted, we metaboli- 
cally labeled HEK293 cells stably expressing Notch-1 or NICS with 
[ 35 S] methionine and then performed immunoprecipitation using anti- 
body 6521, which binds to an epitope downstream of S2 (Fig. IB). Most 
strikingly, autoradiography shows that NICS-expressing cells secrete 
Notch-1 peptides of ~3 and 6 kDa, although they were present in dif- 
ferent amounts (Fig. 1, C, upper and lower panels, and D). The Notch- 
1 -expressing cells, however, produced only trace amounts of these pep- 
tides (Fig. 1C, upper panel). Moreover, addition of PMA to enhance the 
cleavage at S2 by matrix metalloproteases increased the level of released 
Notch-1 peptides by 4.73 ± 0.01-fold (Fig. 1, C and D). On the other 
hand, addition of y-secretase inhibitors (L685.458 or DAPT) to inhibit 
dual-intramembrane proteolysis at S3 and S4 by PS-dependent endo- 
proteolysis greatly reduced the amount of secreted Notch-1 peptide 
(Fig. ID and supplemental Fig. IB). These results indicated that the 
Notch-1 peptides are secreted in conjunction with the sequential pro- 
teolysis of the Notch-1 receptor and that the production of the Notch-1 
peptides is associated with the efficiency of cleavage at S2 and S3/S4 by 
metalloproteases and PS-dependent proteases, respectively. 

We next investigated whether the Notch-1 peptides are secreted dur- 
ing Notch signaling (Fig. IE). Instead of NICS, we used Notch-1 without 
any extracellular truncation and mutations (Fig. IB) and observed 
Notch signaling mediated by Jagged-1 (a Notch ligand). We simulta- 
neously measured the level of Notch signaling and analyzed whether 
Noti h- 1 peptide's an- sec ret od I loin i ells ox pressing jagged- 1, Notch-1, 
or both (Fig. IE). To determine the level of Notch signaling, we meas- 
ured luciferase reporter activity in cells expressing HES-l-hxc (10) (3rd 
panel in Fig. IE and supplemental Fig. 2). We also examined the condi- 



tioned media for the presence of secreted Notch-1 peptides, as 
described in Fig. 1, CandD. We found that cotransfection with Jagged-1 
and Notch-1 greatly increased the reporter activity (3rd panel of Fig. 
IE), indicating substantial enhancement of transcription via the HES-1 
promoter. Most surprisingly, the secretion of Notch-1 peptides was also 
greatly enhanced in cells expressing both Jagged-1 and Notch-1, but it 
was hardly detectable in cells expressing either Jagged-1 (data not 
shown) or Notch-1 alone (Fig. IE, bottom panel). These results indi- 
cated that the secretion of the Notch-1 peptides and the activation of 
Notch signaling are greatly increased when both Notch-1 and its ligand, 
Jagged-1, are present. In summary, sequential proteolysis of Notch-1 
occurs upon Jagged-1 binding, leading to the production of not only 
NICD, which is released from the membrane to the cytosol (supplemen- 
tal Fig. 15), but also novel Notch-1 peptides that are released extracel- 
lularly (depicted in Fig. L4). 

Determination of the Amino Acid Sequences of the Notch-1 Peptides 
Reveals Secretion of Nj3 — Next, we determined the amino acid 
sequences of the Notch-1 peptides secreted during the sequential endo- 
proteolytic process of Notch-1 receptor (Fig. 2). The Notch-1 peptide 
species secreted by NICS-expressing cells were immunoprecipitated 
with the 6521 antibodies, and their molecular masses were analyzed by 
matrix -assisted laser desorption ionization-time of flight (MALDI- 
TOF) mass spectroscopy (MS) (Fig. 2A). The spectrum of the Notch-1 
peptides showed two major peaks with molecular masses of 2306 and 
2694 Da. We determined the peptide sequences of these speck s based 
on that of the sequence surrounding the epitope for the 6521 antibody. 
Most strikingly, the Notch-1 peptides were found to be composed of 
peptides S2 to S4 (Table 1, supplemental Fig. 3, and supplemental Table 
1). Finally, amino acid sequences of the Notch-1 peptides were deter- 
mined by MALDI-TOF/TOF MS analysis (supplemental Fig. 3). There- 
fore, we found that these Notch-1 peptides correspond to the previously 
predicted N/3 (19). We named the shorter (2306 Da) and longer (2694 
Da) Nj3 species N/321 and N/325, respectively, where the number indi- 
cates the peptide length (Table 1). 

We next synthesized N/321 and Nj325 and analyzed them by MALDI- 
TOF MS. We confirmed that each peptide showed a single peak in the 
MS spectrum corresponding to the predicted molecular mass (Fig. 25). 
We then examined the characteristics of each peptide on Tris- Tricine 
SDS-PAGE (Fig. 2Q. We dissolved these peptides in 1,1,1,3,3,3- 
hexafluoro-2-propanol (HFIP) to prevent the formation of artificial oli- 
gomers (32) or in Me 2 SO. In both cases, the migration of synthetic 
N/325 and N/321 approximately corresponded to 3- and 6-kDa bands, 
respectively (Fig. 2C, left and middle panels). These results showed that, 
unlike N/325 (or FLAG-tagged N/3 species (19)), N021 may form an 
SDS-stable homodimer. Like A/3, we detected extremely low levels of 
intracellular N/3 compared with secreted N/3, but we did not detect 
higher moli ulai ight i > t s .1 reted N/321 i /325 n Tri 
Tricine SDS-PAGE (data not shown). Also, the intensity of the ~6-kDa 
band of a mixture prepared with N/321 and N/325 species was not 
affected (Fig. 2C, left panel), indicating that the two N/3 species do not 
form a heterodimer. Thus, N/321 and N/325 are separated well by SDS- 
PAGE. Most interestingly, the migrations of secreted (Fig. 2C, right 
panel) and synthetic N/3 (Fig. 2C, middle panel) on SDS-PAGE were 
almost identical. Moreover, upon PS1 L166P mutant expression, the 
~3-kDa N/3 band on SDS-PAGE and the MS peak corresponding to 
N/325 were predominantly detected (see Fig. 3, A and C). These findings 
indicate that N/321 and N/325 are the major types of secreted N/3. Meas- 
urement of the radioactivity of the two bands indicated that ~20% as 
much N/325 is secreted from cultured cells as N/321 (Fig. 2D). Based on 
these results, it appears that the secreted N/3 species correspond to the 
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FIGURE 1. Extracellular release of the Notch-1 
peptides by sequential cleavage during Notch 
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g rowth factor repeats present in Notch-1 . Also, to 
avoid the formation of heterodimers following 
cleavage at SI, the cysteine residues between SI 
and S2 were mutated to serine (14). The arrow indi- 
cates the recognition site for the 6521 antibody. C, 
immunoprecipitation/autoradiography analysis 
of Notch-1 peptides in conditioned media from 
cells treated without or with PMA. Notch-1 or 
NICS-expressing cells were labeled by pulse- 
chase with [ 35 S]methionine. The Notch-1 peptides 
in conditioned media were separated by Tris- 
Tricine SDS-PAGE. The lower panel, which shows a 
longer exposure of the autoradiograph, confirms 
that without PMA treatment the Notch-1 peptides 
have two distinct molecular weights. Immunopre- 
cipitation/immunoblotting analysis with a 9E10 
antibody revealed that the levels of Notch-1 and 

fected cells (data not shown). D, immunoprecipi- 
tation/autoradiography analysis of conditioned 
media from N1 CS-expressing cells treated with or 
without 7-secretase inhibitors. The y 
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ment of Notch signaling and the release 
Notch-1 peptides in cells transfected with 
Jagged-1, Notch-1, or both. HEK293 cells were 
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structs along with HES- Muc and the pRL-TK dual 
luciferase reporter assay system. Empty plasmid 
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cipitation/autoradiography using antibody 6521. 
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sequence between S2 and S4 of Notch-1 and that N/3 is made up of two 
major species, N/321 and N/325, of which the former is predominant in 
cell culture (Fig. 2D). 

Several Familial AD-associated PS 1 Mutants Increase the Generation 
of Elongated Np as Well as the Pathological Elongated A /3— Our results 
show that intramembrane cleavage of Notch-1 at S4 generates two 
major N/3 species. We therefore refer to these cleavages as S4-21 and 
S4-25 for N/321 and N/325, respectively (Fig, 3D), S4-25, the minor type 



of S4 cleavage, is located four amino acids C-terminal to S4-21, the 
major S4 cleavage. Like Notch-1, /3APP undergoes PS-dependent 
intramembrane proteolysis near the middle of the transmembrane 
domain (y), resulting in the secretion of A/3, which accumulates in AD 
brains (22). Topologically, the y-cleavage site of /3APP corresponds to 
the S4 cleavage site of Notch-1 (19). Cleavage at y42, an alternative form 
of y-cleavage, generates A/342, which plays a causative role in the 
pathology of AD; therefore, understanding the mechanism of PS-de- 
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FIGURE 2. Identification and characterization of secreted N/3 species. A, determination of the molecular masses of the secreted Notch-1 peptides 
treated with 20 ng/mlPMAfor 3 h, and the conditioned medium was analyzed by immunoprecipitation/MS analysis using antibody 6521. Shown is a representative MS spectrum. The 
MS spectrum was nearly identical for conditioned medium from cells transiently coexpressing Jagged-1 and Notch-1, although the peak heights were lower (data not shown). B, 
MALDI-TOF MS spectra of the synthetic N/321 and N/325. Although the synthetic N/321 appears as an ~6-kDa band on electrophoresis and may form an SDS-stable dimer (Q, both the 
synthetic N/321 and N/325 were identified as single peaks in the MS analysis corresponding to monomeric forms. This shows that the mobility of N/321 on SDS-PAGE is lower than 
predicted for its molecula r mass determined by MALDI-TOF MS. C, SDS-PAGE analysis of the synthetic N/321 , synthetic N/325, and secreted Notch-1 peptides. Left panel, the synthetic 
N/321 and N/325 were separated by Tris-Tricine SDS-PAGE and analyzed by immunoblotting with antibody 5E9. Center panel, the synthetic N/321 and N/325 were dissolved in HFIP or 
Me 2 SO and separated by Tris-Tricine SDS-PAGE. Because A/3 tends to aggregate, the synthetic A/3 was suspended in HFIP and then dried to obtain a monomeric A/3 solution (32). Like 
A/3, N/3 contains a hydrophobic transmembrane domain sequence; therefore, we suspended the synthetic N/3 in HFIP to completely solubilize the peptides. We then examined 
whether the mobility on electrophoresis of the N/3 species was affected by the solvents. We were not able to detect the ~3-kDa monomeric N/321 band by electrophoresis. Note that 
similar intensities were observed for the N/321 or N/325 bands when equal amounts of the synthetic peptides were applied to the gel, indicating that the 5E9 antibody has similar 
affinities for the N/321 and N/325. Right panel, N/3 peptides in conditioned media from [ 35 S]methionine-labeled cells were separated by Tris-Tricine SDS-PAGE. The asterisk indicates 
a faint ~8-kDa band that was occasionally observed only in conditioned medium. The radioactivity of this band accounts for less than 5% of the total for all N0 species, indicating a 
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TABLE i 

Major molecular species of the Notch-1 peptides in conditioned 
media 



M, 

(observed) 


Peptide 


Sequence 


M r 
(calculated) 


2306 
2694 


N/321 
N/325 


VKSEPVEPPLPSQLHLMYVAA 
VKSEPVEPPLPSQLHLMYVAAAAFV 


2306 
2694 



pendent intramembrane endoproteolysis is an important issue in AD 
research (22). 

To address the mechanism of cleavage at S4, which results in the 
production of N/3, we next tested whether the precision of this cleavage 
varies simultaneously with the precision of y-cleavage in jSAPP. Most 
familial AD -associated PS mutants increase the relative level of secreted 
A/342 peptides, although the magnitude of the increase varies between 
mutants (22). We first tested whether the precision of S4 cleavage was 
affected by several types of PS mutants. Cells stably expressing the sub- 
strates sw mutant /3APP and N1CS, as well as WT or mutant forms PS1 
(Fig. 3), were metabolically labeled with [ 35 S] methionine. Secreted N/3 
or A/3 species were immunoprecipitated and separated by Tris-Tricine 
or Tris-Bicine (38) SDS-PAGE, respectively (Fig. 3A). To measure the 
ellu ient y ol NP>2o generation (S4-2:"i t leavage), we calculated the rela- 
tive ratio of radioactivity of the N/325 band compared with the total for 
N/3 bands (including N/325; Fig. 3B). Using the same samples, we also 
determined the efficiency of A/342 generation (y42 cleavage). We found 
that the conditioned medium from cells expressing the PS1 L166P 
mutant, which has been reported to strongly promote A/342 generation 
(40), had much higher levels of A/342 than the medium from cells 
expressing WT PS1 (Fig. 3, A, lower panel and B). Most strikingly, SDS- 
PAGE analysis of the N/3 species in the same media (Fig. 3A, upper 
panel) showed that the major species was ~3 kDa (N/325) and the minor 
species was ~6 kDa (N/321), which is opposite the relative amounts in 
cells expressing WT PS1. MS analysis of the media of PS1 L166P 
expressing cells confirmed that the major secreted N/3 species lux- N/321 
and N/325 with minor other species (Fig. 3C). 

Therefore, PS1 L166P greatly enhanced not only the production of 
the long and pathological form of A/3 (A/342), but also the production of 
the longer form of N/3 (N025) (Fig. 3, A and C), Likewise, the relative 
ratio of N/325 secreted from cells expressing PS1 L286V, PS1 A9, and 
other tested mutants except for C92S (39) increased compared with 
cells expressing WT PS1 (Fig. 3B and data not shown). We therefore 
suggest that S4-21 and S4-25 cleavage of Notch-1 are y40- and y42-like 
cleavage of /3APP, respectively (Fig. 3D). 

Modifications of Intrameinhranc Proteolysis in an Endogenous XCTPS 
ackgro Haw Si : if acts on the Precision of 'S4 and y-Cleavages 
— Recent findings suggest that the relative level of A/342 can be changed 
without mutations in PS or /3APP by using certain chemicals (29, 30). A 
subset of NSAIDs either increases (29) or decreases (30) the level of 
A/342 generation. Therefore, we finally examined whether, in an endog- 
enous PS background, chemicals can cause parallel changes in the rela- 
tive levels of N/325 and A/342. To lower A/342, we used sulindac sulfide 
(100 /lam), indomethacin (100 aim) (29), and a newly developed com- 
pound, 3,5-bis(4-nitrophenoxy)-benzoic acid, which is called com- 
pound W (CW) (100 aim). CW was the most effective of -100 tested 
compounds identified in a computer-based structural similarity search 



for NSAIDs that affect the production of A/342. The cells were treated 
with the compounds and then subjected to metabolic labeling with 
[ 35 S] methionine. The levels of A/3/N/3 species were measured as 
described in Fig. 3. Remarkably, we found that the tested compounds all 
decreased the relative level of released N/325 as well as A/342 (Fig. 4i,A, 
left panels, andB). Of these compounds, the most effective, CW, caused 
a drastic decrease in the level of secreted N/325 (Fig. 4A, upper left panel) 
and A/342 species (Fig. 4A, middle and lower left panels). Next, we exam- 
ined the effects of S2474 (20 /am), fenofibrate (100 jam), farnesyl pyro- 
phosphate ammonium salt (10 /lam), and geranylgeranyl pyrophosphate 
ammonium salt (10 /lam), which are compounds that raise the level of 
A/342 (30). As expected, these compounds all increased the relative level 
of A/342 (Fig. 4, A, right panels, and B). Notably, in all the cases analyzed, 
the relative level of N/325 generation was simultaneously increased (Fig. 
4B). Naproxen did not modify the relative level of A/342 (29) or N/325 
(Fig. 4, B and Q. A plot of the ratio of N/325 to total N/3 versus the ratio 
of A/342 to total A/3 (Fig. 4C) showed a strong linear correlation (R 2 = 
0.98) between the changes in the relative levels of N/325 and A/342. 
Moreover, the total level of A/3 and N/3 was not changed by any of the 
compounds, suggesting that they affect the selectivity but not the activ- 
ity of cleavage (Fig. 4A). These results indicate that, even in cells 
expressing endogenous PS, the chemicals caused a concomitant change 
in the relative levels of Nj625 and A/342. 

DISCUSSION 

In this study, we showed that N/3 species are secreted from cells as a 
result of sequential Notch-1 proteolysis during Notch signaling. Upon 
ligand binding, these peptides are likely generated by PS-dependent 
intramembrane endoproteolysis at S4 after shedding of the extracellular 
domain (cleavage at S2). Similarly, AD-associated A/3 species are pro- 
duced by the PS-dependent proteolysis of /3APP (41, 42). Based on these 
findings, we suspect that cleavage at the middle of the transmembrane 
domain and extracellular secretion of A/3-like peptides (e.g. N/3) are a 
common occurrence in PS-dependent intramembrane proteolysis, even 
though secretion of such peptides is not included in the current model 
of RIP signaling. 

The human Notch-1 homologue, TAN-1, was isolated as a protein 
that binds to a mutant /3 T cell receptor gene formed by chromosomal 
translocation in human T lymphoblastic leukemia, suggesting that 
Notch-1 is involved in tumorigenesis as well as development (8). More- 
over, more than 50% of human T lymphoblastic leukemia, including 
tumors from all major molecular oncogenic subtypes, have activating 
mutations in Notch-1 (9). Thus, further studies are necessary to deter- 
mine whether secreted N/3 participates in tumorigenesis or has any 
other physiological functions in development. In addition, it will be 
interesting to investigate whether the amount of secreted N/3 reflects 
the level of Notch signaling so that N/3 might be used as a tumor marker. 

In this study, N/3 consisted mainly of a major N/321 species and a 
minor N/325 species, indicating that S4 cleavage occurs primarily at two 
sites, S4-21 and S4-25, in the middle of the Notch-1 transmembrane 
domain. This confirms that dual-intramembrane proteolysis occurs at 
S3 and S4 upon degradation of the transmembrane domain of Notch-1 
(19). Moreover, this diversity in the sites of cleavage in the middle of the 
transmembrane domain is reminiscent of the mechanism producing 
A/342, a peptide that plays a causative role in AD (22). Therefore, we 



very minor species of N/3 may be released in addition to N/321 and N/325. D, the relative ratio of N/325 to that of N/321 in the conditioned media of cells stably expressing N1CS. Cells 
were labeled with [ 35 S]methionine, and radiolabeled N0 peptides in theconditioned medium were separated by Tris-TricineSDS-PAGE.The radioactivity incorporated into each band 
was measured by fluorography using a STORM 820 (Amersham Biosciences). The radioactivity was normalized by that of the N/321 band. The bars represent the means of three 
independent measurements, and the error bars indicate the S.D. £, schematic representation of two different N/3 species and the S2, S3, S4 in Notch-1. The gray box indicates the 
putative transmembrane domain of murine Notch-1 . 
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FIGURE 3. The effects of PS1 mutants on the 
secretion of the longer Np. A, NjS and A3 

secreted from cells expressing PS1 mutants. Upper 
panels, N/3 species were analyzed as described in 
Figs. 1 and 2. Lower panels, A/3 was immunopre- 
cipitated with antibody 4G8 and separated by Tris- 
Bicine SDS-PAGE. Note that N/3 and A/3 are hardly 
detectable in cells stably expressing PS1 D385N, 
which is dominant negative for PS-dependent 
protease activity. B, the relative ratio of longer X/3 
(N/325 and A/342) secreted by cells expressing 
familial AD-associated PS mutants. Three inde- 
pendent experiments were carried out with each 
of two different stable cell lines. Asterisks indicate 
that the ratio of longer X/3 was statistically higher 
than that in WTPSI-expressing cells (p < 0.001 by 
Student's f-test). Similar results were obtained in 



CHO ce 



al AD-as 



■d PS1 



mutant. The N/325 peakwas much higher than the 
N/321 peak comparing thecaseof WTPS1 (see Fig. 
2A). Note that the peptides secreted by the 
cells are mainly N/325 and N/321 . D, schematic rep- 
resentation of the sites cleaved in Notch-1 and 
3APP by PS-dependent intramembrane proteoly- 
sis during the generation of X/3 species. Gray boxes 

Notch-1 and /3APP. The arrowheads show the S4 
and y-cleavage sites. Arrows show the sites where 
the efficiency of cleavage is affected by tested 
familial AD-associated PS mutants. 



B 




///// 
4* f # 



S4 ^ 
21 25 



/ 

several PS FAD mutants 



y40 



tested whether the relationship between N/321 and N/325 was similar to 
that between A/340 and A/342. Most familial AD-associated PS mutants 
increase the generation of A/342 (22). Thus, we examined whether the 
PS mutants result in an extended C terminus in N/3. We found that, 
except for the PS1 C92S mutant, the tested PS mutants increased the 
relative amount of N/325. One possible reason for this anomaly is that 
the mechanism by which the PS1 C92S mutant enhances A/342 gener- 
ation affects Notch-1 processing differently. Another possibility is that 
the mutant is simply not strong enough to significantly increase the 
production of N/325. Moreover, the PS1 L166P mutants that greatly 
increased the level of A/342 also greatly increased the level of N/325. 



Therefore, in many cases, PS1 mutants that affect the precision of 
intramembrane proteolysis of /3APP have similar effects on Notch-1 
cleavage. 

A/342 accounts for ~10% of the total A/3 in cells expressing endoge- 
nous PS (22). Recently, several NSAIDs were found to either increase or 
decrease the relative production of A/342 (29, 30). This is extremely 
important because it shows that, as in sporadic AD, the precision of 
y-cleavage can change without mutation in either in the substrate 
(/3APP) or the key enzyme component (PS). This prompted us to inves- 
tigate whether such compounds also affect the C terminus of N/3. 
Because NSAIDs affect the precision of y-cleavage independently of its 
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FIGURE 4. Effects of compounds that modify the generation of A/342 on the secre- 
tion of longer N/325. A, effect of various compounds on the secretion of N/3 and A/3 
species from cells expressing £APP sw and N1CS. Note that the decrease in the level of 
A/342 occurred concomitantly with an increase in the level of A/337/38 generation. Like- 
wise, an increase in the level of A/342 was accompanied by a decrease in the level of 
A/33 7/38 generation. DMSO, Me 2 S0. B, the relative ratio of longer X/3 (N/325 and A/342) 
secreted from endogenous PS-expressing cells treated with various compounds. Aster- 
isks indicate that the relative ratio was statistically different from the Me 2 SO control (p < 
0.001 by Student's t test). C, a scatter plot of the relative ratio of N025 versus the relative 
ratio of A/342. The same experiments as in panel B were independently repeated. 

anti-inflammatory function (43), we performed a structure similarity 
search of A/342-lowering NSAIDs, and we identified CW as being the 
most effective of ~100 compounds. Strikingly, all of the tested com- 
pounds that affected the level of A/342 caused parallel changes in the 



generation of N/325. These results suggest that N/325 is the molecular 
species that corresponds to A/342 and that the PS-dependent protease 
generates longer N/3 and longer A/3 by a common mechanism. 

Although increased production of A/342 is thought to cause the 
pathogenesis of most forms of familial AD, abnormalities in A/3 metab- 
olism rather than increased A/342 generation are thought to be central 
to the pathogenesis of sporadic AD (44). Notably, the level of A/3 pep- 
tides, especially A/342, in peripheral blood and cerebrospinal fluid do 
not correlate with their levels in the central nervous system because they 
tend to aggregate. Therefore, whether A/342 generation changes in spo- 
radic AD remains unknown. In this study, we showed that longer 
A/3-like peptide species (N/325) and A/3 (A/342) are secreted concomi- 
tantly, which suggests that elongated A/3-like peptides that do not 
aggregate could be used as surrogate markers for A/342 production. 

In this study, we found that S4 and y-cleavages, which occur in the 
middle of the transmembrane domain, have nearly identical character- 
istics. Also, S3 and e cleavages, which occur near the cytosol-membrane 
interlace, are very similar (40, 45). 4 Thus, PS-depondont : n tra membrane 
proteolysis may be mediated by a common mechanism in Notch-1 and 
jSAPP, I lowcvcr, the processes mediating < loiivugc at e and S3 scorn to 
be distinct from that mediating y-cleavage (40). Therefore, PS-depend- 
ent intramembrane proteolysis in the middle of the transmembrane 
domain (S4 and y) and at the membrane-cytosol interface (e and S3) 
appears to be mediated by distinct mechanisms. 

The effect of NSAIDs on the precision of PS-dependent intramem- 
brane proteolysis was thought to be /3APP-specific because the com- 
pounds affected precision of y-cleavage but not the level of S3 cleavage 
(which generates NICD) (29). Our results, however, suggest that the 
effects of the compounds are not substrate-specific but may affect S4- 
and y-like cleavages that occur near the middle of the transmembrane 
domains. 

Comparison of the processes and precision of S4 and y cleavage 
should help clarify how A/3 and A/342, essential molecules in AD pathol- 
ogy, are generated. The /3APP y-cleavage shares the following charac- 
teristics with Notch-1 S4 cleavage, (i) Both of the cleavages occur near 
the middle of the transmembrane domain (19). (ii) Both have alternative 

i sites I [ in' il familial Al ) sociated PS mul 

tions enhance the cleavage efficiencies at minor C-terminal sites of both 
peptides (S4-25 and y42). (iv) Several compounds simultaneously 
change both S4-25 and y42 cleavage efficiencies. Although the amino 
acid sequences of the transmembrane domains of Notch-1 and /3APP 
are quite different, they are thought to both contain a-helical structures 
(see Fig. 3D). Therefore, the common aspects of S4 and y-cleavage do 
not appear to be due to similarities in the primary structure of the 
substrate (transmembrane domains of Notch-1 and /3APP) but rather 
similarities in the secondary structures or higher structures of the 
enzyme-substrate complex. 

Although there are signific ant similarities in the two cleavages, there 
are also some minor differences as follows, (i) The major y-site is almost 
in the center of the transmembrane domain of /3APP, whereas the cor- 
responding site in Notch-1, S4-21, is located slightly toward the extra- 
cellular side in the transmembrane domain (Fig. 3D), (ii) The distance 
between the major y40 and the minor y42 site is two amino acids, 
whereas the distance between S4-21 and S4-25 is four amino acids (Figs. 
2£ and 3D), (iii) The cleavage efficiency at y42 is ~ 10%, whereas that of 
S4-25 is -20% (Fig. 2D). These distinct properties are likely to be at least 
partly because of differences in the primary structures of the substrates. 
Comparison of the characteristics of S4 and y-cleavage should help 



4 A. Fukumori, S. Tagami, and M. Okochi, submitted for publication. 
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clarify the process of A/342 generation; specifically, it appears that the 
peptide secondary or the higher structure of the enzyme-substrate com- 
plex is involved in the efficiency of A/342 generation, whereas the pri- 
mary structure of the substrate transmembrane domain appears to 
determine the site of the minor cleavage. 

When cleaved by PS-dependent intramembrane proteolysis, the 
/3APP transmembrane domain is thought to maintain an a-helical con- 
formation (46). In this case, the pathological y42 cleavage would occur 
in the opposite orientation as the major y40 cleavage. In contrast, 
although the corresponding S4-25 site is located more toward the cyto- 
solic side of the transmembrane domain, it is in nearly the same orien- 
tation at the S4-21 site. Thus, assuming a-helical structures of the sub- 
strate, cleavage at S4-25 and y42 would be expected to occur by different 
mechanisms. Because there are so many similarities between the two, 
we propose that until the cleavage, perhaps in the enzyme-substrate 
complex, the secondary structures of the substrate transmembrane 
domains change so that they are no longer a-helices. 

In this study we showed that Nj3 species (mainly N021 and N/325) are 
released extracellularly during the process of Notch signaling. The N/3 
species had identical N termini but different C termini because of diver- 
sity in the site of S4 cleavage. Furthermore, the characteristics of the 
C-terminal elongation of N/3 and A/3 were almost identical. Because 
many membrane-bound receptors undergo PS-dependent intramem- 
brane proteolysis, we propose that secretion of A/3-like peptides such as 
N/3 may be a common phenomenon. This should open the door to a 
search for the best A/3-like peptide to serve as a surrogate marker for 
AD-associated production of A/342. 
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